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ABSTRACT
PSR J0922+0638 (B0919+06) shows unexplained anomalous variations in the on-pulse
phase, where the pulse appears to episodically move to an earlier longitude for a
few tens of rotations before reverting to the usual phase for approximately several
hundred to more than a thousand rotations. These events, where the pulse moves
in phase by up to 5°, have been previously detected in observations from ∼300 to
2000 MHz. We present simultaneous observations from the Effelsberg 100-m radio tele-
scope at 1350 MHz and the Bornim (Potsdam) station of the LOw Frequency ARray
at 150 MHz. Our observations present the first evidence for an absence of the anoma-
lous phase-shifting behaviour at 150 MHz. Instead, the observed intensity at the usual
pulse-phase typically decreases, often showing a pseudo-nulling feature corresponding
to the times when phase shifts are observed at 1350MHz. The presence of weak emis-
sion at the usual pulse-phase supports the theory that these shifts may result from
processes similar to the ‘profile-absorption’ expected to operate for PSR J0814+7429
(B0809+74). A possible mechanism for this could be intrinsic variations of the emission
within the pulsar’s beam combined with absorption by expanding shells of electrons
in the line of sight.
Key words: pulsars: general – pulsars: individual: J0922+0638, B0919+06 – Stars,
radiation mechanisms: non-thermal
1 INTRODUCTION
Pulsars are rapidly rotating magnetised neutron stars
which show extreme rotational stability on time scales of
decades (Petit & Tavella 1996; Verbiest et al. 2009). How-
ever, almost all classical (or ‘slow’) pulsars and a few
millisecond pulsars (MSPs) exhibit significant and typi-
cally small-scale deviations from their stable rotational be-
haviour. These may include stochastic, wideband, pulse-
to-pulse variations (Os lowski et al. 2011; Cordes 1993)
due to unknown processes or, variations on short time
scales like glitches (Radhakrishnan & Manchester 1969;
⋆ E-mail: shaifullah@astron.nl (GS)
Reichley & Downs 1969; McKee et al. 2016), profile mode
changes (Backer 1970c) and nulling (Backer 1970b). Apart
from these, pulsars also display well known phenomena
such as drifting subpulses (Backer 1970a), polarisation
modes (Gangadhara 1997; van Straten & Tiburzi 2017), mi-
crostructure (Johnston et al. 2001) and profile ‘absorption’
where part of the profile is obscured, (see e.g. Rankin et al.
2006b). A recent addition to these phenomena are ‘emis-
sion shifts’ where the emission briefly shifts to an ear-
lier longitude, first identified by Rankin et al. (2006a) for
PSRs J1901+0716 (B1859+07) and J0922+0638 (B0919+06).
PSR J0922+0638 is a bright, isolated pulsar which has
a spin period of ∼0.43 s. It is located about 1.1+0.2
−0.1
kpc
away (Chatterjee et al. 2001) and has associated dispersion
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and Faraday rotation measures of 27.2986(5) pc cm−3 and
29.2(3) rad m−2 (DM and RM, values taken from Stovall et al.
2015; Johnston et al. 2005, respectively). Due to its relative
brightness PSR J0922+0638 has been observed at a number
of frequencies and has been well-studied via polarimetric
studies and timing analyses (see e.g. Stinebring et al. 1984;
Shabanova 2010; Perera et al. 2015; Wahl et al. 2016).
The timing study of Shabanova (2010) confirms a regu-
lar variation of the spin-down rate, Ûν ≡ ∆ν/∆T , where ∆ν is
the change in rotational frequency of the pulsar and ∆T is the
time in days. They find that the spin-down rate variation has
a ∼600 day periodicity and follows a rough sawtooth-like be-
haviour. They also detect a glitch on MJD 55 140 (5 Novem-
ber 2009) leading to a fractional decrease in the spin-period
of δP0/P0 ≃7.69 × 10
−5.
As mentioned earlier, PSR J0922+0638 also exhibits
events marked by an aperiodic, rapid and continuous de-
crease in the observed emission longitude (or pulse-phase)
by up to 5°. These were first identified using observations
from the Arecibo Observatory by Rankin et al. (2006a) at
327 and 1420 MHz, who called them ‘emission shifts’. The
emission shifts were also identified in observations with the
Jodrell Bank Observatory by Perera et al. (2015) who used
pulsar timing analysis to measure variations in the spin-
down rate of PSR J0922+0638. They find that the emis-
sion shifts (henceforth referred to as ‘events’ for brevity)
of PSR J0922+0638 are not necessarily correlated with
the two-state magnetospheric state switching cycle that
PSR J0922+0638 experiences. However, they suggest similar
events occurring with a much smaller phase variation could
be related to the observed state switching. Using the Jiamusi
66-m telescope, Han et al. (2016) observed PSR J0922+0638
over ∼30 hours and were able to classify these events into
four distinct morphologies. Wahl et al. (2016) searched for
quasi-periodicities in these events using the datasets of
Rankin et al. (2006a), complemented with new observations
and archival data from the Arecibo Observatory as well as
the observations of Han et al. (2016) and found no evidence
for such periodicities in the case of PSR J0922+0638.
2 OBSERVATIONS
The observations presented in this article were carried out
using the Effelsberg 100-m radio telescope and the Bornim
(Potsdam) station of the LOw Frequency ARray (LO-
FAR; van Haarlem et al. 2013). At Effelsberg, the observa-
tions were carried out at 1350 MHz using the central beam
of the 21-cm 7-beam receiver (Keller et al. 2006) and the
PSRIX backend (Lazarus et al. 2016) which records coher-
ently dedispersed observations for up to 300 MHz of band-
width. Simultaneous observations using the 150-MHz high
band antenna (HBA) tiles of the Bornim (Potsdam) LO-
FAR station (DE604) and the LOFAR und MPIfR Pul-
sare (LuMP) software1 based backend were made possible
by using the German Long Wavelength (GLOW)2 mode.
1 https://deki.mpifr-bonn.mpg.de/Cooperations/LOFAR/Software/LuMP
2 GLOW is the German Long-Wavelength consortium, an as-
sociation of German universities and research institutes who
share an interest in using the radio spectral window at me-
ter wavelengths for astrophysical research. The International
Table 1. Details of observations carried out with the Bornim
(Potsdam) LOFAR station and Effelsberg 100-m radio telescope
in November, 2017.
Telescope Effelsberg DE604
Source name J0922+0638
Receiver name P217-3 HBA
Name of the backend instrument PSRIX LuMP
Centre frequency (MHz) 1347.50 153.81
Weighted freq. (after RFI removal) 1352.98 152.12
Bandwidth (MHz) 200 71.48
Dispersion measure (pc cm−3) 27.2951(6) 27.2951(6)
Number of pulse phase bins 1024 1024
Number of frequency channels 128 366
Polarisations recorded Full Stokes Full Stokes
Sub-integration duration (s) 10.00 10.00
Number of sub-integrations 703 703
Modified Julian Date 57 705 57 705
The observation details are presented in Table 1. For both
the observing systems, data were coherently dedispersed and
folded modulo the spin period to produce 10-s subintegra-
tions and recorded with a final phase resolution of 0.35° per
phase bin.
The observations were post-processed using
the PSRchive software suite3 (Hotan et al. 2004;
van Straten et al. 2012), radio frequency interference
(RFI) was removed using the ‘median zapping’ option of
the paz tool from PSRchive, followed by selective reweight-
ing of strongly affected channels and subintegrations using
a script from the COASTGUARD data processing pipeline
(Lazarus et al. 2016). The timing solutions used in the
‘folding’ of the archives were corrected for spin-period
offsets, measured using the Tempo2 pulsar timing package
(Hobbs et al. 2006). The DM used for both the observations
was measured from the LOFAR observations, by splitting
them into four bands and fitting for the DM while the
remaining timing parameters were held fixed. The data were
polarisation calibrated using the pac tool from PSRchive.
The method used for the Effelsberg utilises standard,
position offset observations with a calibrated noise diode
while for the GLOW data, we use the method outlined in
Noutsos et al. (2015).
3 DISCUSSION
Plots showing the intensity (colour-mapped to darker shades
for higher values) as a function of the observing time and
the rotational phase are presented in Figure 1. On the left
are the 1350 MHz Effelsberg observations while the 150 MHz
LOFAR observations are plotted on the right.
Using the 1350 MHz observations to detect the events,
we find a total of seven events, as shown in Figure 1, five
LOFAR stations in Germany, described in van Haarlem et al.
(2013), are owned and run by GLOW member institutions
and more details about the GLOW network are available
here: https://www.glowconsortium.de/index.php/en/. We use
the acronym to identify the operating mode, as well as the
scheduling and monitoring software that allow the use of the
GLOW stations for the observations presented here.
3 http://sourceforge.psrchive.org
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Figure 1. Observed intensity colour-mapped from lighter to
darker shades plotted against the observation time (or subinte-
gration number) and the rotational phase for the simultaneous
observations from Effelsberg (left) and DE604 (right).
of which are easily visible and a further two which are only
identified in the subintegration plots of Figure 2. While it
is not possible to recover the differing morphologies of these
events as presented in the detailed single-pulse analysis by
Han et al. (2016) we note that all seven events show dif-
fering degrees of pulse-phase variation and duration in our
observations whose finest time resolution is limited to 10-s
long subintegrations.
For each event, we also present subintegration plots in
Figure 2. The 1350 and 150 MHz plots have been scaled and
smoothed independently. In spite of the scaling and smooth-
ing, the low signal-to-noise ratio (S/N) due to excess RFI at
the LOFAR bands often degrades the visibility of the inte-
grated pulse profile. To facilitate comparison, Figure 3 shows
the integrated total intensity profile (black curve) for all the
subintegrations which do not correspond to the events. The
red and blue curves show the integrated linearly and circu-
larly polarised intensities, respectively, while the top panel
shows PA measurements with a significance of 3σ or more
for the same subintegrations. The dotted, gray curve shows
the integrated total intensity profile for the event subinte-
grations, which have been plotted with thick black lines in
Figure 2.
The majority of previous work on the emission shifts of
PSR J0922+0638 were compiled using observations at 327,
1420 or 2400 MHz (see eg. Wahl et al. 2016; Rankin et al.
2006a; Perera et al. 2015; Han et al. 2016) where these
events are marked by a gradual shift of the emission phase
to an earlier longitude without any change in the average
flux density, as can be seen in the 1350 MHz observations in
Figure 1. However, at 150 MHz the events display a marked
absence of emission at any shifted phase along with a signif-
icant decrease in the observed intensity at the usual phase.
The integrated pulse profile for the events (dotted gray curve
in Figure 3) shows a significant but decreased amount of
emission, although the profile shape is distorted due to the
low S/N as only fourteen subintegrations were combined to
create the dotted gray profile compared to the remaining
689 for the solid black profile. Some of the observed power in
the dotted gray profile is also due to the fact that the pulsar
takes only a few to about thirty revolutions for the emission
to diminish from or be restored to the typical observed flux
density levels (see e.g. Han et al. 2016; Rankin et al. 2006a),
which can occur on a timescale much shorter than the 10-s
subintegrations in our data. As a result, a few of the subin-
tegrations contain a fractional amount of power from the
usual emission state.
In most cases the diminished emission at lower frequen-
cies precedes and outlasts the emission shift at higher fre-
quencies by a few subintegrations or tens of rotations. The
change from ‘normal’ to diminished emission at the lower
frequencies has a gradual onset and recovery, similar in the
smoothness of its variation to the emission shift at higher
frequencies although on distinctly longer timescales. How-
ever, in keeping with its non-conformal behaviour, these
diminished emission phases of PSR J0922+0638 show dis-
tinct variations amongst themselves as well. For example,
in Figure 2, for the coupled event at subintegrations 226 to
234, the decrease in emission lasts for less than a couple of
subintegrations while for the event at subintegrations 357 to
366, the decrease precedes the shift by at least two subin-
tegrations and does not recover to the normal profile for at
least one subintegration after the shift has ended.
It is evident that the integrated data presented in our
observations can only offer broad insights into this phe-
nomenon and to gain a full description of the physical pro-
cesses driving these changes, high S/N single-pulse data are
necessary. However, even without the single-pulse data, it is
possible to test some of the proposed origins of these events.
MNRAS 000, 1–6 (2017)
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Figure 2. Subintegration plots of sections of the data presented
in Figure 1. Each curve shows the integrated flux for a 10-s subin-
tegration. The amplitudes of the integrated pulse profiles have
been scaled independently for the 1350 and 150 MHz data. The
bold, solid lines show the ‘event’ subintegrations. Note the ab-
sence of a distinct profile for the corresponding regions of the
150 MHz plots.
• ‘Absorption’ (Rankin et al. 2006a) : The phenomenon
of ‘absorption’ where the emission region is partly obscured
has been one of the most promising candidates for ex-
plaining the complicated nature of the emission shifts of
PSR J0922+0638. The archetypical example of this phe-
nomenon is PSR J0814+7429 (B0809+74) (Rankin et al.
2006b) where part of the inherently broad profile is absorbed
or occulted leading to distinct portions of the profile not be-
ing detected at certain frequencies.
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Figure 3. Integrated profile for the LOFAR observations with
the ‘event’ subintegrations removed (solid black line) and only
those subintegrations which are associated with an emission shift
event added together separately (dotted gray line). The red and
blue curves show the linearly and circularly polarised intensities,
i.e., the |L | ≡ |Q + iU | and |V | Stokes components respectively.
The top panel shows the change in the position angle measured
with a significance greater than 2σ.
We follow the approach presented in Rankin et al.
(2006a), where this mechanism is first applied to explain
these emission shifts and it is made clear that ‘absorption’
implies any physical process that might lead to part of the
profile not being visible. However, in order to explain our
observations this ‘absorption’ must also have a time depen-
dent efficiency, along with the expected frequency depen-
dent behaviour. This is an added complexity over the case
of PSR J0814+7429. There is a further constraint on the
absorbing medium that it must always lead to an absorbed
portion of profile at the leading edge at the LOFAR band
while it must be more efficient at the regular emission phase
only during the emission shift events at high-frequencies. It
is therefore abundantly clear that even if ‘absorption’ is the
cause for the observed behaviour, the physical process lead-
ing to ‘absorption’ in this case might easily be very different
from the typical examples.
• Binary companions in light-cylinder orbits (Wahl et al.
2016) : The absence of a true periodicity in the emission
shifts of PSR J0922+0638 as well the extreme orbits and
compositions necessary for such companions make such ob-
jects unlikely in the first place. Moreover, the necessity of
similarity in the emission shifts at high and low frequencies
is clearly in contrast to the observations.
• Differentially-corotating (entire) magnetosphere :
Yuen & Melrose (2017) propose that the observed emission
from a pulsar is due to the combination of the entire
magnetosphere differentially-corotating with respect to the
stellar surface, structures around the magnetic pole (similar
to the carousel model of Deshpande & Rankin 1999) and
a moving visible emission region. They used seven compo-
nents to model the observed profile of PSR J0922+0638,
and this appears to predict the observed emission shift at
1400 MHz. As the components move due to variations in
the magnetospheric rotation rate, this leads to different
MNRAS 000, 1–6 (2017)
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portions of the components crossing the line of sight, leading
to the observed shift. While results for a lower frequency
are not presented, the authors do point out that their ap-
proximations include ignoring a possible dependence of the
magnetospheric plasma rotation rate on the radial distance
from the centre of the pulsar. If such a dependence exists,
it might be possible to explain the observed pseudo-nulling
features at 100 MHz although this would still necessitate a
very fortunate arrangement of the line of sight.
However, the change in the magnetospheric properties in
the Yuen & Melrose (2017) model enters via their unphys-
ical ‘y’ parameter. It is difficult to reconcile the variation
of this global parameter with the absence of any correlation
between the events and the magnetospheric state switching
of PSR J0922+0638 observed by Perera et al. (2015).
• Quasi-stable magnetosphere : There are hints that in
some pulsars nulling and mode changing may be manifesta-
tions of the same phenomenon (see e.g. Wang et al. 2007). It
was suggested by Timokhin (2010) that magnetospheres can
operate in different quasi-stable states with different sizes of
the open field line zone or different current distributions in
the radio emission region, or both. A magnetosphere can oc-
casionally switch between these states and depending on our
line of sight, we see either a different part of the emission
cone, or we miss the entire cone resulting in the “null” state.
It was also shown that modest variations in the beam size
can be accompanied by large variations in the pulsar spin
down rate. The combination of the effects of different current
density distributions and different sizes of the emission cone
could explain our observations of PSR J0922+0638, however
as pointed out by Perera et al. (2015) there is no correlation
between the events and the magnetospheric state switching.
• Frequency selective nulling : Using simultaenous mul-
tifrequency observations from 300 to 4850 MHz, Bhat et al.
(2007) show that PSR J1136+1551 (B1133+16) shows ‘fre-
quency selective’ nulling where nulls appear at one frequency
even when emission is observed at another. The observations
presented here might be explained by invoking frequency se-
lective nulling only at the LOFAR bands, combined with ei-
ther ‘absorption’ or apparent motion of the line of sight with
respect to the emission regions. However, it should be noted
that in the case of PSR J1136+1551, the frequency selective
nulling is not imited to the lowest frequencies only.
• Intrinsic variations in the pulsar’s beam com-
bined with free-free absorption along the line of
sight : Lewandowski et al. (2015) suggest that for the
SGR J1745−2900 (also known as the Sgr A∗ magnetar
or the Galactic centre magnetar), expanding electronic
ejecta due to outbursts can explain rapid variations in
the observed radio spectrum of the magnetar. A similar
mechanism in combination with intrinsic variations of the
emission in the pulsar’s beam would also be capable of
explaining the observed phase shifting at higher frequencies
and decreased emission in the LOFAR band.
4 CONCLUSIONS
In summary, simultaneous observations of PSR J0922+0638
using the Effelsberg 100-m radio telescope and the Bornim
(Potsdam) LOFAR station demonstrate that during the pre-
viously identified phase shifts of the high-frequency emis-
sion, the emission at lower frequencies is strongly dimin-
ished, often appearing as null-like features accompanied by a
marked absence of emission at any shifted phase. These null-
like features strongly disfavour hypothetical binary com-
panions. While models involving differential magnetospheric
rotation rates could explain the observed variations, those
models appear to be in tension with previous work which
find no correlation between the switching of the magneto-
spheric states PSR J0922+0638 is believed to exhibit. It is
possible that profile ‘absorption’ is indeed the mechanism
due to which this emission shift is observed. However, the
models of local ‘absorption’ in the emission region currently
do not address the levels of complexity required to explain
the time-varying yet distinct behaviour above and below
∼250 MHz. These events might also arise due to a combi-
nation of intrinsic variations in the pulsar’s beam with ex-
panding screens of electrons along the line of sight.
However, a detailed analysis is beyond the scope of this
letter and interested colleagues wishing to inspect the data
presented here are encouraged to contact Jun.Prof. Verbiest
or any of the leading authors for access to these and other,
similar datasets.
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